Abstract-In this paper, we provide a unified framework for the study of multi-cell multi-user large-scale antenna system (LSAS) in both full-duplex (FD) and half-duplex (HD) modes of communications. Here, we employ the Poisson point process (PPP)-based abstraction model of massive-antenna base stations (BSs) and mobile terminals (MTs). The loop-back interference (LI) channels in FD mode are modeled using the Rician distribution with arbitrary statistics. All other channels are characterized using the unit-mean Rayleigh distribution, including the cross downlink (DL)-uplink (UL) interference (CI) in FD mode. The useful and interfering signals distributions under different linear conjugate-beamforming (CF) and zero-forcing (ZF) processes are derived. We develop analytical expressions for computing the LSAS DL and UL ergodic rates (ERs) and further study the performance gain of FD versus HD. The results highlight that the corresponding FD over HD ER gain increases logarithmically in the antenna array size. In addition, the anticipated two-fold improvement in ER is analytically shown to be only possible with an asymptotically large number of antennas.
I. INTRODUCTION
Large scale antenna system (LSAS), or massive multipleinput multiple-output (MIMO) , is considered a key enabler for future fifth-generation (5G) cellular network. The LSAS structure comprises base stations (BSs), each equipped with massive-antennas, capable of serving many mobile terminals (MTs) over the same temporal/spectral bins. The high antenna array gain in LSAS facilitates achieving radical performance improvements versus the existing wireless standards. SoftBank, one of the first operators in the world to deploy massive MIMO technology (using 128-antenna arrays across 100 macro-cells), has recently reported up to a ten-fold increase in capacity [1] .
LSAS, in the context of half-duplex (HD) systems, where the downlink (DL) and uplink (UL) communication directions are separated in time or frequency, has been rigorously investigated in the past, see, e.g., [2] , [3] and the references therein. In full-duplex (FD) mode, the transmit and receive functionali ties occur simultaneously over the same radio resources, resulting in increased interference level and complexity [4] - [6] . Recently, LSAS, has gained a lot of attention as a candidate solution for unlocking the full potential of large scale FD deployment through improved resilience against loop-back interference (LI) and cross DL-UL interference (CI).
978-1-5090-1525-2/17/$31 .00 ©2017 IEEE In [7] , the ergodic rates (ERs) between two FD nodes with massive number of antennas were studied under different LI suppression and subtraction schemes. The authors in [8] compared the FD versus HD ERs in a single-cell LSAS by utilizing the excessive transmit antennas to spatially suppress LI at the receiver side. Multi-cell studies of LSAS with CI have also been recently reported. In [9] , the DL and UL ERs in a deterministic FD multi-cell multi-user MIMO setup were characterized. The anticipated two-fold ER gain of FD compared to HD was shown to remain in the asymptotic antenna region [9] . On the other hand, random FD cellular networks with directional antennas were studied in [10] . In particular, the authors provided analytical expressions for the DL and UL coverage probabilities using stochastic geometry theory.
Here, we provide a generalized framework for the design and analysis of FD and HD multi-cell multi-user LSAS. The proposed model is in part an extension of [11] as we consider both linear conjugate-beamforming (CB) and zero-forcing (ZF) processes, as well as both LI suppression and subtraction schemes. We characterize the statistical distributions of all signals in the multi-cell multi-user LSAS, including, in the case of FD mode, a closed-form approximation of the LI at the massive-antenna BSs over Rician fading channels. Moreover, tractable analytical expressions for the computation of the LSAS ERs in the DL and UL are provided. In addition, the performance gain of FD versus HD LSAS is investigated using theoretical and simulation results. In particular, we develop a closed-form approximation of the corresponding FD over HD ER gain as a function of the number of antennas.
Notation: X is a matrix with (n, m)-th element {X} n,m;
x is a vector with k-th entry {x h; T is the transpose; t is the conjugate-transpose; + is the pseudo-inverse; 1. 1 is the modulus; 11 . 11 is the norm; :ll.(.) is the indicator function; 'E{.} is the average; o/{.} is the variance; Mr. )(z) is the moment generating function (MGF); P(.) is the probability density function (PDF); f(.) is the Garmna function; f(.,.) is the incomplete Gamma function; 'Bz (., .) is the incomplete beta function; CJ. [(fJ, v 2 ) is the complex Gaussian distribution with mean fJ and variance v 2 ; and (j(K" e) is the Gamma distribution with shape and scale parameters K, and e, respectively.
II. LSAS MODELING
In this work, we consider a multi-cell multi-user LSAS setup with BSs and MTs respectively deployed on the twodimensional Euclidean space according to independent stationary PPPs <PBS and <PT with spatial densities ABS and AT [12] . The transmit and receive antennas at the BS side are denoted with l'I/I and N, respectively. Each deployed massiveantenna BS is assumed to conununicate with respect to K (:s; min(M, N)) active MTs. Let PBS and PMT respectively represent the transmit powers at the massive-antenna BSs (per user) and MTs. We consider both FD and HD modes of communications here. In FD mode, the DL and UL functions take place over the same time/frequency resources, giving rise to new CI and LI terms. In HD mode, on the other hand, the DL and UL functions are separated in the time-domain.
In this paper, we employ a cellular association strategy, where each MT exclusively communicates in both DL and UL with a massive-antenna BS which provides the greatest received signal power. Let <PMT ( c <PT) denote the set of active MTs. We denote the location of the j-th massive-antenna BS with jo (E <PBS), and its k-th (E K = {I , .. · , K}) active MT with j k (E <PMT), respectively. By invoking the Slivnyak's theorem, (i) in the DL, the analysis is computed for a typical active MT l k (E <PMT) assumed to be at the origin, and (ii) in the UL, the analysis is realized for the transmitted signal from t k at its serving massive-antenna BS to ( E <PBS)' By employing the distance-dependent path-loss model with exponent f3 ( > 2), the cellular association strategy is to = arg min( d (3[, l ]) where
PDF is given by PdllO,lk l (.) = 21f ABs' exp (-1f ABS. 2 ) [13] .
denote the DL and UL channels between the massive-antenna BS jo and active MT j k, respectively. The combined DL and UL channels are
We denote the CI channels at the massive-antenna BS lo from the massiveantenna BS jo with G [lo,jo] E C NXM , and at the active MT lk from the active MT jk with g [ldk]' respectively. Moreover, the LI channels at the massive-antenna BS jo and active MT j k are respectively represented using
The LI channels are subject to Rician fading with independent elements distributed according to
The other channels are subject to Rayleigh fading with independent elements generated from c:A[ (0, 1). Channel state information (CSI) in time-division duplex (TDD)-based massive MIMO systems can be acquired based on channel reciprocity through UL training. In this work, we assume sophisticated channel estimation algorithms with sufficient training information are used to obtain perfect CSI [16] .
Let 7 
The transmit signal vector with linear precoding at the massive-antenna BS jo is hence
is the corresponding precoding matrix. In addition, the linear receive filter at the massive-antenna
Next, we derive generalized expressIOns for the received signal-to-interference-plus-noise ratios (SINRs) under arbitrary FDIHD mode and linear precoder/decoder design .
In the DL, the SINR at the reference active MT in the LSAS paradigm is given by In addition, in the UL of the LSAS, the post-processing SINR at the reference massive-antenna BS is given by y _ XUL UL -MUIuL + ICIuL + liFO (CIUL) + liFO (£IUL ) + NUL (2) where
In the DL, the reference massive-antenna BS lo applies any of the following linear precoders:
In FD mode, the transmit antenna array can be utilized for LI suppression using linear CB with LI nulling (CB-N) (conditioned on M ~ N ), or linear ZF with LI nulling (ZF-N) precoders (conditioned on M ~ N + K): Table l .
Proof The results are obtained using the approach from [17] .
On the other hand, characterizing the LI over Rician fading channels is challenging, particularly at the massive-antenna BSs (affecting UL). Here, we develop closed-form Gamma approximations using the central limit theorem (CLT) for the different linear processes described previously.
IV. ERGODIC RATE ANALYSIS
In the following lemma, we provide analytical expressions for the computation of the LSAS ERs (in natls/Hz) without requiring the need for the knowledge of the SINRs distributions (which are not available in general). (9) and (10) .
Lemma 3. The LSAS ERs in the DL
Proof The proof follows ilmnediately from [19, Lemma 1] and is therefore omitted. D
Due to the constraints imposed by the cellular association strategy and multiple MTs served per massive-antenna BS in the LSAS under study, there exists inherent dependencies in the active MTs set [20] . Here, for the sake of analytical (9) (1 + zpvr-) (11) (12)
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M Ic:rOL I)Z) tractability, we invoke the approach from [21] by approximating the UL interfering terms using spatially-thinned PPPs. The MGFs of the different useful and interfering signals in the multi-cell multi-user LSAS are derived next. Table 111 .
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Lemma 4. By defining the general functions (11) and (12), the MGFs of the LSAS useful and interfering signals are characterized in
Proo!, The result follows from a similar approach to that in [22] and is hence omitted due to space limitations. D Lemmas 1-4 facilitate efficient calculation of the multicell multi-user LSAS ERs in the DL and UL of FD and HD modes. In what follows, let sbE (S~E) and s5E (slJE) respectively denote the DL and UL ERs in the FD (HD) LSAS. In order to facilitate performance comparison, we consider the transmission/reception over two resource blocks. Hence, the corresponding FD versus HD gain can be expressed as The characterization of the system performance in this paper facilitates performance analysis and optimization under generalized settings of LSAS parameters. The exact FD versus HD LSAS ER gain, however, cannot be obtained in closed-form as a result of the ER expressions involving multi-fold improper integrals. We do however provide results in the following special case of interest. Proo!, The results are derived using substitution Z -+ ~ , Cartesian-polar conversion with r -+ I sin( ~) , u -+ I cos( ~) , with the Jacobian Z, and further utilizing the integral identity
The simplified ER expressions derived above cannot be (13) 
$ HD
Proof This result is obtained through non-linear curve fitting of the exact (large) data. D
The result from Lemma 6 infers that the ER gain of FD over HD LSAS -even under complete LI subtraction -increases only logarithmically in the antenna array size. It is only in the asymptotic antenna region, 5l ---+ 00, that ~I: converges to two.
V. NUMERICAL EXAMPLES
In this section, we utilize the proposed unified framework to evaluate the multi-cell multi-user LSAS ER performance in both FD and HD modes. At the same time, the validity of the theoretical findings is examined through Monte-Carlo (MC) simulations from running 100 k trials inside a circular region of radius 100 km [23] . The fixed simulation parameters are: ABs = ~ km-2 (massive-antenna BS density), Fe = 1 GHz (carrier frequency), B = 10 MHz (total bandwidth), and f3 = 4 (path-loss exponent). Moreover, we incorporate the notion that, in LSAS with perfect CSI, the high antenna array gain allows the transmit power to be linearly conserved in the number of antennas [3] . Note that all results correspond to the sum ER over two resource blocks.
A. Impact of Loop-Back Interference
We first investigate the ER performance for a (practical) LSAS setup with 64 antennas (currently under investigation in 3GPP, Study Item RP-I4I83I). In FD mode, we employ linear ZF-N precoding (for suppressing multi-user and loop-back interferences in the UL) and ZF decoding (for suppressing multi-user interference in the DL). In HD mode, on the other hand, linear ZF precoder and decoder are adopted at the transmit and receive sides, respectively. The ER gain of FD versus HD LSAS in the DL, UL, and total (DL + UL) are depicted with different LI subtraction levels at the MT side in Fig. 1 . Intuitively, with improved LI subtraction capability at the MTs, the FD ER performance versus that in HD increases. On the other hand, it can be seen that even by managing to subtract LI below noise level, the improvement in performance may be viewed as subpar. For instance, approximately, with an 
B. Impact of Antenna Array Size
Next, we study the effect of antenna array size on the FD versus HD total ER performance gain in interference-limited region in Fig. 2 . Here, in FD mode, we consider two different cases, namely at the massive-antenna BSs, with (i) linear CB-N precoding for LI suppression (blue curves), and (ii) linear CB precoding with perfect LI subtraction (red curves). The latter scheme corresponds to the case approximated in closedform in Lemma 6 (black curve). Note that in the former scheme, the antenna array is divided in accordance to the optimal transmit to receive antenna ratio ~ ~ i depicted in [8] . Specifically, for an antenna array size 2 x 5l, we use N = max (~Integer-Part [2 x 5l], 1), M = 2 x 5l -N. In addition, here, we also consider the case where the LI at the MT side is subtracted perfectly. In HD mode, we employ linear CB. Note that the x-axis in Fig. 2 is in base-two logarithmic scale. We can observe that the FD versus HD total ER gain increases only logarithmically in the antenna array size. In addition, the x 2 ER improvement, when comparing FD with HD mode, is only achieved as the number of antennas goes to infinity for both LI spatial and subtraction schemes.
VI. SUMMARY
In this work, we utilized tools from stochastic geometry theory to devise a tractable analytical framework for the design and analysis of multi-cell multi-user LSAS in both FD and HD modes of communications. The Rician distribution with arbitrary statistics was used to model the LI channels in FD mode, and other channels were characterized using the unit-mean Rayleigh distribution. The statistical distributions of the different useful and interfering signals were derived under linear CB and ZF processes, including a closed-form Gamma approximation for the LI at the massive-antenna BSs. We provided analytical expressions for the computation of the LSAS ERs in the DL and UL, with MGFs of the different signals involved derived in closed-form. The results demonstrated that the anticipated x 2 FD versus HD gain in ER performance is only achieved in the asymptotic antenna region. 
